Abstract: In this paper, we propose and demonstrate a simple chalcogenide glass (ChG) waveguide structure, which is composed of a low refractive-index strip on the surface of the planar ChG film. Theoretical analysis shows that it supports single quasi-TE mode transmission at 1.55 m with high third-order nonlinearity and negligible bending loss if the bending radius is higher than 60 m. Then, the ChG waveguide is fabricated and measured. For the waveguide sample with a ChG film of 180 nm in thickness, the measured attenuation of the quasi-TE mode is 0.4 dB/cm at 1.55 m. Meanwhile, the extinction ratio between the two polarization modes in the waveguide sample of 10 mm in length is higher than 25 dB over a region of 80 nm at 1.55 m. For the waveguide sample with similar length and a smaller ChG film thickness (150 nm), the extinction ratio increases to 35 dB. These results demonstrate its property of low-loss single-polarization transmission. It provides a simple way to realize high-quality ChG waveguides, which have great potential on integrated nonlinear optical devices.
Introduction
Chalcogenide glass (ChG) has high third-order nonlinearity [1] , [2] , low two-photon absorption [2] , and negligible free carrier absorption [2] , [3] , which are suitable for integrated photonic devices for nonlinear optics. Waveguides are basic units for integrated photonic devices. To fabricate ChG waveguides, the ChG films are usually first deposited on low index substrates, which can be realized by thermal evaporation [4] , sputtering [5] , chemical vapor deposition [6] , and pulsed laser deposition [7] . To reduce the scattering loss, the annealing process should be applied on the ChG films [8] - [11] to relax the chemical bonds in the glass [12] , [13] . Then, waveguide structures could be fabricated in the ChG films by several ways [14] . The most popular methods include wet etching [15] , dry etching [16] and lift-off [17] . These processes always lead to the roughness on the side walls of the waveguides, which is the main reason for the attenuation of the ChG waveguides. Furthermore, the commercial (NH4OH)-based developers for UV-lithography or E-beam lithography may lead to pinhole formation and film peeling on the ChG film [12] , [13] , which may also reduce the quality of the ChG waveguides. Although the techniques of protective coating are developed to protect the ChG films, they make the waveguide fabrication process more complicated, and may also introduce additional loss on the ChG waveguides [12] , [13] , [18] - [23] . Recently, the fabrication processes of ChG films based on their organic ammonia solution attract much attention [24] . However, the residual solvent may lead to the obvious loss when it is used to fabricate optical waveguides in the near-infrared band, since its N-H bonds have an overtone absorption around 1510 nm [24] . On the other hand, ChG films fabricated by this way usually have pores, which may farther reduce the performances of ChG waveguides based on these films [25] .
In this paper, we proposed and demonstrated a simple ChG waveguide structure, in which the light is guided by a low refractive-index strip on the surface of a planar ChG film. Since the light is mainly guided in the high index ChG film without any side wall, high transmission performance could be expected. Theoretical analysis shows that it supports single quasi-TE mode transmission at 1.5 m with high third-order nonlinearity and low bending loss. Then, we fabricated the ChG waveguide sample and demonstrated its low loss single polarization transmission property experimentally. Since the lift-off process and various etching processes on the ChG films are avoided, the fabrication of the ChG waveguide is highly simplified. It provides a promising way to realize high quality ChG waveguides, which have great potential in integrated nonlinear optical devices. Fig. 1 shows the proposed waveguide structure. On the silicon substrate, there is a thick layer of low refractive index dielectric materials as the bottom waveguide cladding. On the low index layer, a planar ChG thin film is deposited. Then, a strip of the low index dielectric material is fabricated on the ChG thin film as the guiding layer. In this waveguide structure, the light field is confined within the ChG film by the high index difference between the ChG film and the low index dielectric material in the vertical direction. Meanwhile, in the horizontal direction, the light field is guided along the low index strip on the top.
Theoretical Analysis of the Proposed Waveguide Structure
The transmission properties of the waveguide are analyzed theoretically by a software based on the finite element method (COMSOL Multiphysics). In order to calculate the leaky loss of the transmission modes, the boundary condition of the perfectly matched layer (PML) is used around the area of the waveguide structure [26] . The wave impedance of PMLs matches that of the adjacent medium in the waveguide area. Hence, the wave arrives the surface of PMLs would enter the PML regions without reflection. On the other hand, the index of the PML region has large imaginary part, hence the wave attenuate rapidly in the PML region, realizing the function of absorbing boundary.
First, the mode field profiles and the complex effective indices of the transmission modes are calculated. The structure parameters used in the calculation are selected according to the waveguide sample we fabricated and measured in the experiments, which are shown in Table 1 . The material of the ChG film is As 2 S 3 , with a refractive index of 2.437@1550 nm [27] . The low index material for the bottom cladding and the strip is SU-8, which is a chemically amplified epoxybased negative photoresist and has a refractive index of 1.56@1550 nm [28] . Fig. 2 (a) and (b) show the calculated electric field distribution of the fundamental quasi-TM mode and the fundamental quasi-TE mode at 1550 nm, respectively. It can been seen that the mode fields of both modes are confined by the low index strip in horizon direction. In the vertical direction, the mode field of the quasi-TE mode is concentrated in the As 2 S 3 layer, while the mode field of the quasi-TM mode is mainly distributed in the region of the low index strip and the bottom cladding.
The effective index ðN eff Þ of the fundamental quasi-TE and quasi-TM modes in this waveguide are calculated and shown in Fig. 3 . Fig. 3(a) shows the real part of N eff under different wavelengths. It can be seen that the real part of N eff decreases with increasing wavelength for both modes. The real part of N eff of the quasi-TM mode is much smaller than that of the quasi-TE mode, since its mode field mainly distributes in the low index region. As the wavelength increases, the real part of N eff of the quasi-TM mode is gradually close to the index of SU-8, indicating that it is close to the cutoff condition of the mode and its leaky loss would increase with the increasing wavelength. 
where k 0 is the wave number in vacuum ðk 0 ¼ 2= 0 Þ, and l 0 is the waveguide length. It can be seen in Fig. 3(b) that the attenuation of the quasi-TE mode is quite low at all the wavelengths, showing that it is a guided mode in the whole wavelength range of the calculation. On the other hand, the attenuation of the quasi-TM mode increases with increasing wavelength. It is higher than 35 dB/cm, showing that the quasi-TM mode in this waveguide is cutoff at telecom band. Hence, this waveguide show the property of single polarization transmission over a broad band at telecom band. It can be expected that the light confinement in vertical direction highly depend on the thickness of the ChG layer, which would impact the cut-off condition of the two modes. To show it more clearly, we calculated the losses of the two modes in the waveguides with different ChG layer thickness. The length of the waveguide is set at 10 mm. The calculation results are shown in Fig. 4 . Fig. 4(a) is the result of the loss spectra of the quasi-TE mode with different ChG layer thickness. It can be seen that, for all the ChG layer thickness, the loss of the quasi-TE mode is very low at short wavelength region. On the other hand, the loss rises with increasing wavelength at long wavelength region, showing that the mode is close to the cutoff condition. Hence, the quasi-TE mode supports low loss transmission at telecom band (1.55 m). It also shows that the loss rises at short wavelength if the waveguide has a thinner ChG layer, since the light confinement in the vertical direction is weaker. Since the quasi-TE mode can still be the transmission mode while the quasi-TM mode is cutoff at the same wavelength, the loss of quasi-TM mode is far higher than that of quasi-TE mode. Hence, the waveguide would act as an on-chip polarizer. Fig. 4(b) shows the attenuation loss of the quasi-TM mode. Fig. 4(c) shows the extinction ratio between the losses of quasi-TE mode and quasi-TM mode under different ChG film thickness. It can be seen that the extinction ratio rises with increasing wavelength for all of the ChG layer thickness. Thinner ChG layer leads to higher extinction ratio, since the loss of the quasi-TM mode increases more rapidly than that of the quasi-TE mode as the ChG layer thickness decreases. It can been seen that when the thickness of the ChG layer changes from 200 nm to 150 nm, the waveguide with a length of 10 mm can realize an on-chip polarizer with an extinction ratio ranging from 10 dB to 80 dB at the wavelength of 1550 nm.
By the commercial FEM software, the leaky loss due to the waveguide bending also can be calculated using a 2-D axisymmetric model, in which the cross section of the waveguide structure is plotted in the equal plane of the cylindrical coordinates. Fig. 5 is the calculated results of the fundamental quasi-TE mode under different bending radiuses. The inset of the figure is the modal field distribution under a bending radius of 50 m. The waveguide bending leads that the modal field shifts to outer side of the waveguide. The main part is still in the waveguide region; however, it will lead to additional bending loss. The results in Fig. 5 shows that the bending loss would increase rapidly if the bending radius is smaller than 60 m. When bending radius is 100 m, the bending loss is about 0.008 dB/cm. Hence, the bending loss of this waveguide structure is negligible under a bending radius of hundreds m. This property is better than that of the weak guiding waveguides used in traditional silica plane light circuits, which usually requires a bending radius of several millimeters due to its small index difference between its core and cladding.
To demonstrate its potential on nonlinear photonic devices, the effective area ðA eff Þ and the third order nonlinear coefficient ðÞ of the quasi-TE mode under different wavelengths are also calculated by [29] - [31] 
where e and h are the electric field and magnetic field distributions of the mode, respectively. n 2 is the nonlinear Kerr index of the ChG material. Fig. 6 shows the calculation results at different wavelength. It can be seen that the A eff increases with increasing wavelength. The effective mode area is about 1.18 m 2 at 1550 nm with the structure parameters used in the calculation. However, the nonlinear coefficient decreases with increasing wavelength. It is about 9.9 /W/m at 1550 nm, which is about four orders of magnitude larger than that of silica fibers and one order of magnitude smaller than typical silicon wire waveguides [32] . Comparing with silicon wire waveguides, ChG waveguides have low two photon absorption and no free carrier absorption, leading to a good nonlinear figure of merit (FOM), which is 420 times higher than that of silicon Vol. 8, No. 2, April 2016wire waveguide [11] , [15] . Hence, comparing with silicon waveguides, the relatively low nonlinear coefficient can be compensated by longer waveguide length and higher pump light power.
Waveguide Fabrication and Measurement
The proposed waveguide structure was fabricated to demonstrate its transmission property. Firstly, a thick SU-8 layer was spin-coated on a silicon substrate and then cured by UV exposure. Then, an As 2 S 3 film with a thickness of 150 nm/180 nm was deposited on the SU-8 layer by the thermal evaporation. After the evaporation, the sample was annealed in vacuum at 130°C for 24 hours. Finally, the SU-8 strip was fabricated on the As 2 S 3 film by UV lithography. This process avoids the lift-off process and the etching process on the As 2 S 3 film. Fig. 7 shows the scanning electron microscopic (SEM) picture of the cross section of the waveguide. The structure parameters of the waveguide sample are shown in Table 1 .
The transmission property of the waveguide is measured by an automatic alignment system (Apico-562) with a tunable laser (Santec TSL-510), which has a broad bandwidth from 1520 nm to 1630 nm. The light is coupled into and out of the waveguide by lensed fibers mounted on the alignment system. A polarization controller (Agilent, 11896 A) is used to control the light polarization to stimulate the quasi-TE or quasi-TM mode of the waveguide. The output light is detected by a power meter (Agilent 8164B).
We measured the insertion losses of the quasi-TE mode at 1550 nm in several waveguide samples with different lengths (5 mm, 10 mm, and 15 mm, respectively) and show the results in Fig. 8 . By the linear fitting on the experimental results, the attenuation of the quasi-TE mode in Fig. 6 . Effective areas and the third order nonlinearity coefficients of the fundamental quasi-TE and quasi-TM modes under different wavelengths. the waveguides can be estimated by the slope of the fitting line, which is about 0.4 dB/cm at 1550 nm. Meanwhile, the coupling loss between the waveguide and the lensed fibers can be estimated by the interception of the fitting line, which is 6 dB/facet. The experimental results demonstrate that the fabricated waveguides support low loss transmission in the telecom band by the quasi-TE mode. It is worth noting that the performance of the waveguide samples does not reduce for several months, showing that the oxidation of the ChG film is not a serious problem for these waveguides. Considering its potential application on integrated photonic devices, this problem can be solved completely by packaging the sample in a holder with inactive gases, such as nitrogen. Fig. 9 . shows the transmission spectrum of the quasi-TE mode, showing that the quasi-TE mode is a guided mode in the whole wavelength range we measured (1520 nm to 1630 nm). On the other hand, quasi-TM mode shows a clear cutoff property. When the thickness of CHG is 180 nm, the extinction ratio is 25 dB (at 1550 nm); when the thickness reduces to 150 nm, the extinction ratio is 35 dB (at 1550 nm). The insertion loss of the quasi-TE mode is about 12 dB mainly due to the coupling loss between the waveguide and fibers since no taper structures are designed at the ends of the waveguide.
For on-chip applications, a low loss polarizer with an ultra-small attenuation loss and high extinction ratio is desired [33] . Many TE-pass or TM-pass polarizers have been proposed theoretically or demonstrated experimentally. However, we notice that most of them only show theoretical analysis [34] - [38] . In order to achieve high extinction ratio, metal clad waveguides [36] , [37] , shallowly etched waveguides [26] , gap plasmon waveguides are often adopted [39] , [40] . These fabrication processes are complicated [39] - [42] or have significant insertion loss for the transmission mode [37] . However, to the best of our knowledge, there is no report on chalcogenidebased polarization manipulation devices. We also notice that as the CHG waveguide preparation technology is increasingly more mature, some deposition techniques with fine thickness control have been developed. For example, in [43] , the deposition rate of CHG films was stabilized at 20 Å s -1 . According to the theoretical calculation, the single polarization properties of the waveguide is mainly decided by the CHG film thickness; therefore, it can be expected that a polarizer with higher extinction ratio can be achieved by reducing the thickness of the CHG film.
Summary
In this paper, we proposed and demonstrated a simple ChG waveguide structure, which has a planar ChG film with a low refractive-index strip on its surface. In vertical direction the light field is confined in the ChG film, while in the horizon direction the light field is guided by the low index strip on the ChG film. Since the lift-off process and various etching processes on the ChG films are avoided, its fabrication is highly simplified. Theoretical analysis shows that it supports single quasi-TE mode transmission at 1.55 m with high third-order nonlinearity and low bending loss if the bending radius is higher than 60 m. Then, the ChG waveguide sample is fabricated and measured. In the fabrication process, the ChG films are realized by the As 2 S 3 material using the thermal evaporation, and the low refractive index bottom cladding layer and strip on the surface are realized by SU-8 using UV lithography. Its transmission properties are measured by a tunable laser using the cut-off method. For a waveguide sample with a length of 10 mm and a ChG film thickness of 180 nm, the attenuation of the quasi-TE mode of is 0.4 dB/cm at 1.55 m, while the extinction ratio between the two polarization modes in the waveguide is higher than 25 dB over a region of 80 nm at 1.55 m. For a waveguide sample with similar length and a smaller ChG thickness (150 nm), the extinction ratio increases to 35 dB. These results demonstrate that the proposed waveguide shows excellent performance as an on-chip polarizer, with high polarization extinction ratio and low insertion loss for the TE mode. Thanks to its simple fabrication process, the proposed waveguide structure provides a convenient way to realize high-quality ChG waveguides, which have great potential in integrated nonlinear optical devices.
